Introduction 14

Bubbly drag reduction (BDR) is a collective term for attempts to reduce drag by injecting bubbles 15
into turbulent boundary layers. Over the past four decades, it has received attention as a means to 16 decrease fuel consumption of large marine vessels. Several successes of BDR in sea trials have been 17 recently reported in the literature (Mizokami et al. 2013; Jang et al. 2014 ; Kumagai et al. 2015) . 18
These groups have confirmed independently good reproducibility in fuel-saving performance 19 ranging from 5% to 15% for different types of vessels. In academic fields, drag reduction 20 performance and its parametric dependency have been investigated experimentally with in-house 21 flow geometries such as a horizontal channel flows. We have found hundreds of papers on BDR 22 since its first reporting by McCormick and Bhattacharyya (1973) . In idealized conditions, local drag 23 reduction rates of 80% can be achieved (e.g., Madavan et al. 1984) . Nevertheless, there is a gap 24 between ideal and practical conditions; the recent success for ships relies on expertise obtained with 25 fundamental two-phase flow experiments. For further improvements of drag reduction performance, 26 the behavior of bubbles skimming along a ship's hull during BDR operations needs clarification. 27
There are two reasons for this requirement. One is the difficulty in extrapolative expectations on how 28 bubbles travel beneath a hull of a real ship from simply laboratory-downsized results. Reynolds 29 number are of much higher order in real ships than those in-house whereas Froude number can be set 30 by reducing the length scale. The other is that the dominant BDR mechanism changes undesirably 31 depending on a combination of dimensionless numbers associated with bubbles, such as Weber 32 number in turbulence. In the review article on BDR performance by Ceccio (2009) , disparate results 33 in different facilities were reported despite a similar volume fraction of bubbles treated. Murai 34 (2014) stressed the complexity of parametric combinations in two-phase turbulence while classifying 35 the drag reduction mechanism over a two-dimensional parameter space given by bubble size andmain flow velocity. 1 BDR uses dispersed bubbles in the turbulent boundary layer, and therefore bubbles are 2 distributed more or less non-uniformly along the wall. Even with a random distribution, bubbles 3 inevitably exhibit local non-uniformity. In addition to the randomness, the Lagrangian motions of 4 individual bubbles accompanying the slip velocity in the liquid phase will amplify this 5 non-uniformity. For a vertical pipe geometry, there are several reports dealing with bubble 6 non-uniformity that enhances the flow transition (Lisseter and Fowler 1992; Lammers and 7 Biesheuvel 1996) . Bubble clusters can be generated as the slip velocity brings bubbles closer 8
together. This clustering was clearly observed in free-rising bubble flow by Kitagawa et al. ( 2004) 9 and Mercado et al. (2010) , in vertical bubbly channel flow by Takagi and Matsumoto (2011) , and 10 also in horizontal bubbly channel flow by our group (Murai,2014) . horizontal channel flow. They confirmed that BDR performance was improved significantly by 21 generating these artificial void waves. 22
The above-mentioned in-house experiments also alert marine vessel designers that they need to 23 be careful of void waves, which may occur around ship hulls. There has been no attempt yet to 24 quantitatively visualize the void fluctuation in an actual application of BDR to ships. The vast 25 difference between model ships of in-house experiments and marine vessels may be whether the 26 system is closed or opened in terms of the two-phase turbulent boundary layer. While channel flow 27 experiments inquire bubble-turbulence interaction in fully developed turbulence between two 28 parallel walls, marine vessels apply bubbles in spatially developing boundary layers open to outer 29 potential flows. The main question we try to solve experimentally is whether void waves emerge 30
stronger in an open system than in bounded shear flows. To this end, we have designed a fully 31 transparent model vessel, which is essentially equivalent to an experimental cabin cruising in water 32 that allows various bubble behaviors to be quantified visually. In the following, we describe the 33 design features of the model ship to meet this purpose. We then report on the drag reduction 34 performance and its relation to measured statistics of the bubble behavior. Finally, void waves, 35 which stand out strongly in the present flow geometry, are analyzed precisely, supported also by atheoretical discussion based on the simplified two-fluid model equations. 1 2 2 Design of experimental model ship 3
In the study of BDR performance, details of several model ships have already been reported (see 4   Table 1 ). All these model ships were designed with a flat bottom to avoid bubbles escaping from the 5 target wall. Each model ship successfully obtained a certain level of drag reduction, which depended 6 on a combination of various parameters in operation. Whereas total or pointwise drag reduction was 7 confirmed in these systems, bubble behavior was not carefully measured. We therefore designed a 8 model ship consisting of a transparent flat acrylic plate for visualizing bubbles traveling in the 9
spatially developing boundary layer. Experiments with the model ship were performed in a towing 10 tank to establish conditions of no hydrostatic pressure gradient in the horizontal plane, i.e., the 11 bottom plane of the ship was adjusted horizontally and towed at a constant advancing speed in the 12 stationary water of a large underground pool, 100 m in total length. Details of the model ship and the 13 towing system are explained in Sections 2.1 and 2.2. 14 15 
Model ship incorporating measuring devices
To analyze the formation of void waves at various length scales, the behavior of bubbles and their 1 relevance to drag reduction performance were investigated simultaneously. We designed a model 2 ship that allows various measuring devices to be attached including ultrasonic bubble measurement 3 systems, wall shear stress sensors, and optical bubble-imaging systems. Figure 1 presents schematic 4 diagrams of the model ship; Table 2 lists its dimensions and basic specifications. Except for 5 aluminum rims, the model ship is for the most part made of transparent acrylic resin; its overall 6 length (L) is 4000 mm, width (W) 600 mm, and height (H) 500 mm. The x, y, and z coordinates are 7 defined respectively as the streamwise distance from the leading edge, the vertical downward 8 position from the bottom plate, and the spanwise position from the central axis of the ship. To avoid 9 influences of bow-generated splashing waves to the boundary layer structure, two guide walls 10 protruding 20 mm below the bottom plate are attached to both edges [ Fig. 1(c) ]. To impose an ideal 11
spatially developing boundary layer on the flat bottom plate, the hull of the ship is completely flat 12 with no ridges and has a smooth plate surface. The leading edge of the bottom plate has a 45° bevel 13 to minimize downstream influences of the front-edge flow separation. For this model ship, we also 14 calculated its center of gravity, meta-center in the body-neutral floating state, and recovery moment 15 vector from various inclined attitudes after the adopted strength of materials were determined in 16 high-speed towing conditions. We omit the description of these design features to focus on the 17 two-phase fluid dynamics of the ship. downstream from the leading edge. A servo valve in the airflow rate control system is operated and 8 managed automatically by a PC to supply air with a constant stable volume flow rate (see Fig. 2 ). 9
The control system for the airflow rate is designed similar to a device developed by Tokyo Gas 10
Corporation (Takeuchi and Kagawa, 2013) which is able to supply air at constant volume flow rate 11 up to 2.5×10 −3 m 3 /s. Pressure logs in the buffer chamber for air injection are shown in Fig. 3 , where 12 the unit is in gauge pressure, i.e. pressure differential increase from atmospheric pressure. In our 13 system, the flow rate of air supply is kept mostly constant in time and standard deviation of the 14 temporal fluctuation relative to mean value was smaller than 1%. The power spectra of the 15 corresponding condition are shown at right panels. The spectra do not include strong peaks (note that 16 the scale of the ordinate is 3-digit different from the left panels), and can be regarded as white-noise 17 pattern. From this, it can be denied that the void waves observed downstream come straightforward 18 from the initial fluctuation in air injection flow rates. To record bubble motion, two cameras were installed on the model ship [ Fig. 1(b) ]. One was a 5 high-speed video camera (FASTCAM Mini UX 100, Photron, Ltd.) set above the hull. The camera 6 was mounted on two parallel rails that enabled the photographing location to change in the main 7 direction of flow. The camera recorded a local top view image of the bubbles through the transparent 8 bottom of the ship, from which size, shape, and velocity of individual bubbles were obtained. The 9 other was a waterproof camera (HERO3, GoPro, Inc.) set near the rear edge of the ship bottom plate 10 under the water line. This camera recorded all of the bubbles flowing beneath the bottom plate from 11 an oblique direction. In imaging the bubble, three light sources were used and arranged after several 12 trial-and-error attempts to optimize the field of illumination. Basically, the top viewing of bubbles 13 relies on underwater lighting of six large white screens laid on the bottom of the water reservoir. 14 Each screen is 3 m in length and 8 m in width, and were placed at 4-m intervals. Because the white 15 screens reflect diffuse light upward, the images captured the bubbles as backlit shadows. However, 16 this is insufficient for identifying film-state bubbles, and we implemented underwater lateral lighting 17 as well. Furthermore, a metal halide lamp supplemented lighting inside the model ship to detect 18 bubbles smaller than 0.5 mm. The camera then captured strong light-scattering points of all spherical 19
bubbles. 20
A combined system of shear stress sensor (S10W-4, SSK Co., Ltd, Tokyo, Japan.) and 21 ultrasonic transducer was installed at three points along the direction of flow, 1.1 m, 2.3 m and 3. In this paper, we report on drag reduction performance of the present model ship and focus in 17 particular on the bubble behavior that is observed using the two bubble-imaging techniques recorded 18 by the top-viewing high-speed camera and the underwater camera. Liquid velocity and bubble 19 echography information will be reported separately. 20 
21
Towing test facility 3
The present series of experiments was performed at a large towing test facility in Hiroshima 4 University, Japan. The facility is certified as a standards institute for ship performance examination, The train is a large steel carriage that runs on two parallel rails either side of reservoir and 5 running along its full length. The motion of the train is managed by the operator at the cockpit above 6 the train. Speeds of the train are controlled. Table 4 summarizes dimensions, performance, and 7
conditions of the present towing test facility. Two rigid pillars inside the train support our model ship 8
[ Fig. 4(c) ]. The support system does not allow the model ship to incline because of hydrodynamic 9 moments, i.e., pitching, yawing, and rolling do not occur in towing operations. The bottom plane of 10 the ship was fixed horizontally at 90 mm below the water surface. This depth is close to the natural 11 draft of the ship determined by the balance between weight and buoyancy. To mitigate hydrostatic 12 pressure gradient along at the bottom plane, we adjusted the water depth precisely to be the same 
Experimental conditions 3
The two controllable parameters of the present experiment are towing speed (U main ) and air volume 4 flow rate (Q g ). U main ranges from 2.00 to 3.00 m/s, at which the superficial air layer thickness (δ g ) 5
is maintained below 2 mm; here W denotes the spanwise width of the ship, which is 600 mm in the 7 present model ship. This air-layer thickness is often used in experimental studies for BDR because it 8 roughly estimates the displacement thickness of the liquid velocity boundary layer agitated by 9 bubbles. Figure 5 shows a comparison of present experimental conditions with those of past studies 10 (see Table 1 ) mapped on the parameter space of U main and L. On the map, the oblique lines indicate 11 the contours of Froude number defined as 12
The horizontal line in the map indicates the unit contour of the cavitation number defined by 13
Here, g, p and p v are the acceleration due to gravity, the local static pressure at the ship bottom, and 1 the vapor pressure of the water, respectively. For reference, a line is drawn assuming a water depth 2 of 100 mm. In actual situations, large vessels such as container carriers and oil tankers sail at Fr ≤ 3 0.3 so as not to intensify their wave making resistance. Although Fr in our experiments is larger than 4 0.3, the wave does not affect the BDR phenomena at the bottom plane because the model ship is 5 fixed in altitude, and also the side walls separate the BDR-target bottom plane from the outer flow. Table 1 . 11
12
On the target plane, the Reynolds number defined by 13
where x and ν are the streamwise distance from the front edge of the bottom plate and kinematic 14 viscosity of water, respectively, describes the dynamic similarity of the spatially developing 
where we assume the initial liquid phase velocity distribution (u y ) is given to estimate the liquid 5 volume flow rate inside the turbulent boundary layer. In single-phase flow, the boundary layer 6 thickness (δ) spatially increases downstream as estimated by 7 
Eqs. (5) and (6) imply that the mean void fraction inside the boundary layer, α δ , decreases 8 downstream when U main and Q g are fixed. However, when drag reduction occurs, the local 9 instantaneous values of Q g and u y couple in the space-time domain along the wall. This aspect is our 10 focus of attention in the rest of the paper. All other details of the experimental conditions are listed in In this section, we present the basic drag reduction performance obtained with the present model 4 ship and the detailed conditions of bubbles streaming beneath the bottom plane. 5 6 3.1 Wall shear stress 7 Fig. 6(a) shows the relationship between the wall shear stress with no bubble injection (τ w0 ) 8 measured at the three locations and several U main . Wall shear stress increases with ship speed more 9 than linearly but less than quadratic. This trend agrees in general with a previous study using a 10 towing flat plate (e.g., Mori et al. 2009 ). Of the three locations, the forward location has a wall shear 11 stress higher than the other two aft locations. This is explained by the expanding thickness of the 12 boundary layer along the main direction of flow. Figure 6(b) shows the same trend plotted in the 13 two-dimensionless parameter space, i.e., Re x and coefficient of friction which is defined by 14
The two curves refer to the Blasius friction law for laminar boundary layer flows and the empirical 15 
deviations. 4 5
Both the wall shear stress during bubble injection (τ w ) and that without bubbles (τ w0 ) were 6 measured and time-averaged over the 7-second at U main = 3.00 m/s. From their ratio (Fig. 7) , friction 7 in the forward section intensifies with increasing α δ except for dilute fractions α δ < 2.0%. We deduce 8 from this trend that bubbles at high flow rates near the injector suddenly perturb the boundary layer 9 and enhance momentum transfer, resulting in an increase in drag. In contrast, drag reduction is 10 maintained under dilute bubble injection. At mid-ship and aft, the wall shear stress produces a 11 well-known decline with increasing void fraction. The maximum drag reduction rate that we 12 confirmed within the tested range is 30% at void fraction α δ = 4.2%. From the experimental plots, 13 the mean impact factor of the void fraction to the drag reduction rate, defined by (1 -τ w /τ w0 )/α δ 14 ranges from 4 to 7. An impact factor larger than unity proves that the present drag reduction is 15 enhanced by the two-phase mutual interaction inside the boundary layer and not just because of a 16 bulk decrease in bubble-mixed fluid density. We also found that the drag reduction curves have 17 similar trends both at mid-ship and aft when parameterized by the boundary layer void fraction, α δ . 18
This suggests that drag reduction occurs with a quasi-steady mechanism between mid-ship and aft. Hence, we can analyze the behavior of bubbles within this range to elucidate the bubble-to-drag 20 
Bubble distribution 3
A question that has been a long-debated issue in the field of BDR research is: What kind of bubble 4 contributes actively to drag reduction? With our fully transparent ship model, an answer does appear 5 in a series of bubble snapshots (Fig. 8) . For α δ > 3%, bubbles occupy more than a half of the imaged area in these top views, and are likely to 18 be an air barrier against high-speed outer flow. and larger ones due to active fragmentation and coalescence among bubbles accumulated close to the 1 wall. It is understandable that the theoretical survivable bubble size takes the peak population since 2 fragmentation and coalescence rate are reversed at this criterion. 3 4
Bubble velocity 5
Predicting theoretically the mean bubble velocity is very difficult as the bubbles are suspended 6 inside the turbulent boundary layer during drag reduction. Bubble velocities depend sensitively on 7 the normal distance from wall, i.e., where the bubbles accumulate in the boundary layer in which 8 99% of the spread in velocity is localized. exact explanation is at present impossible to validate. From a careful look at the graphs, we find that 1 the velocity ratio ranges between 0.45 < u b /U main < 0.65, and rises with large U main and high Q g 2 towing operations. Such conditions correspond to conditions for high drag reduction [see Fig. 7(b)] . 3
In the downstream region where the drag reduction rate relaxes, the bubble velocity ratio also relaxes. 4
What implications does this have for a mechanism? We have found a certain relevance to void waves 5 that we disclose in the next section. spectra, we analyze the wave on two different scales as reported separately below. 14 15
Behavior of void waves 16
To analyze the void waves quantitatively, we used the video images taken by the underwater camera 17 located at the stern (x ≈ 3.7 m). To determine the peak frequency of the void wave, the scanning images were analyzed using 5
Fourier analysis after a background subtraction was applied. The spectra obtained are presented in 6 directly obtained by frame interval time; on top is the corresponding wavelength scale, estimated 10 using u b /f void . All the spectra are subject to broad background power because of the discrete nature of 11 the dispersed phase. Against the background, clear peak frequencies can be seen in the range 3 < f void 12 < 8 Hz for Q g = 1.67×10 −3 m 3 /s and 2.50×10 −3 m 3 /s. Within this range, there are two general trends 13 seen in comparing the nine spectra. One is that the peak frequency rises with increasing ship speed 14 U main , particularly at high Q G . Its rise is roughly linear with U main inferring that the wavelength of the 15 void wave is independent of ship speed. The other is that the peaks shift to lower frequencies with 1 increasing Q g . This trend may be attributed to the coalescence of two neighboring void waves or 2 collapse of a single void wave in consequence of an upper limit in the local bubble number density 3 sustainable inside a single wave. The upper limit and capacity are unclear quantitatively in this 4 spectral analysis, and therefore we proceed to an analysis of bubble clustering. Figs. 13(a) and 14(h). We believe that these meso-scale structures in the bubble distribution are 1 perturbative source triggering the void waves. To begin, accumulations of bubbles are evaluated 2 using distances between the centers of two bubbles (d cb ). The results for three different ship speeds 3 are presented in Fig. 15 , which shows probability density function (PDF) of the mutual distance. A 4 vertical line in each panel indicates the reference distance when all the bubbles are distributed 5 uniformly. The abscissa shows dimensional and non-dimensional scales based on the mean bubble 6 diameter. In all three cases, the PDF has a profile weighted on the left-hand side of the reference 7 value. For a perfectly random distribution, the reference value shifts to 1/√2 times the original. 8
Nonetheless, the peak of the PDF is located to the left from the random state. This proves that bubble 9 clusters actively form more often than that occurring naturally in a random state. Moreover, we can 10 confirm that the peak of the PDF shifts left, i.e., towards narrower bubble spacing, as the ship speed 11
increases. This suggests a positive correlation between drag reduction and the void wave inside 12 which the bubble spacing narrows. In addition, it is worth noting that the spacing can be narrower 13 than the mean bubble diameter exceeding the contact limit of spherical bubbles. This occurs mainly 14 due to the large deviation in bubble size, and may play as a role of trigger for downstream void wave 15 generation. 
23
We also analyzed the bubble probability distribution in the azimuthal directions. The aim of the 24 analysis is to find a source of void wave generation from microscopic point of view. From the 25 distribution, we subtract perfect uniform distribution in order to emphasize its anisotropy of the local 26 bubble arrangement patterns. The result is shown in Fig. 16 in high viscous oil. Surprisingly, the present results also show a certain statistical heterogeneity 2 although the target is distinct from a laminar boundary layer. At U main = 2.00 m/s, bubbles are 3 arranged mostly in the isotropic state [see Fig. 16(a) ]. It becomes heterogeneous at U main = 2.50 m/s 4 and U main = 3.00 m/s; the bubbles exhibit a high probability density at angles θ b = 0 and θ b = π. This 5 implies that bubbles aggregate mainly in the streamwise direction. This is consistent with the 6 observation ( Fig. 8) 
The width has a comparable scale with that of the streamwise vortices because of coupling in a 13 process termed a self-sustaining cycle (Hamilton et al. 1995) . Therefore, 100l τ can be regarded as a 14 representative length scale of the coherent structure compared with bubble size. In our experimental 15 condition, the length scale is estimated to be approximately 0.7-1.0 mm for U main in the range 2.00-16 3.00 m/s. Hence, the present bubble size is several times larger than the coherent structure. With 17 such a condition, the bubble motion may be subject to a stochastic behavior that weakens the spatial 18 structure of the bubble distribution. Nevertheless, our experimental visualization showed a clear 19 formation of many chained bubbles. We believe a synergy arises between the local high void fraction 20 and local drag reduction, which alters the original coherent structure inside the void wave. As this is 21 not completely explained in the present study, we suggest this as an open problem for future research, 22 which would be solved using artificial void waves. 
Theoretical description of void wave 8
To support theoretically the wave-outstanding phenomenon in the bubbly two-phase boundary layer, 9
we attempted to derive a wave equation for the void fraction from conservation laws. Since bubbles 10 migrate in the horizontal direction without certain base slip velocity to liquid phase, Drift flux model 11 approach cannot be employed. Thus, the present observation of void wave is essentially different 12 from kinematic void wave that is a wave phenomenon relying on void-to-slip correlation as reported 13 by Pauchon and Banerjee (1988), and Lahey (1991) . Even bubble's slip velocity is hardly defined 14 since the relative velocity of the liquid phase to the bubble interface takes opposite sign between top 15 and bottom surface of a single bubble upon high velocity gradient (e.g. Oishi and Murai (2014) ). 16
Furthermore, 100% of bubbles exist inside the turbulent boundary layer, and thereby it is important 17 to consider the bubble motion in relevance to the wall shear stress rather in unbounded space. 18 19
Mathematical derivation 20
The conservation of momentum for a two-phase mixture (e.g., Murai and 
where f, p, ρ, and μ are volume fraction, pressure, density, and viscosity of liquid phase, respectively. 
where U main stands for flow speed outside the boundary layer. Here we assume f = 1 at y = δ, i.e. no 3 bubbles exist on the border of the boundary layer. V denotes the mean downward velocity of liquid 4 phase on the border, and can be a function of time in the boundary layer flow subject to unsteadiness. 5
However, here we treat V as constant following to the similar theory for single-phase boundary layer 6 flows. 
Spatial integration of Eq. (14) inside the boundary layer gives 10 
The derivation of Eq. (24) 
As the first term of Eq. (24) is identical to the time differential in the second term above, Eq. (25) 
